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Conclusions 


The  results  of  our  study  suggest  that  insurance  status  is  a  much  bigger  determinant  of 
mammography  receipt  than  managed  care  in  an  area.  If  anything,  the  propensity  for  managed 
care  to  reduce  use  of  mammography  is  larger  among  insured  women  than  among  the  uninsured. 
These  results  contradict  those  in  a  cross-sectional  analysis  where  managed  care  is  associated 
with  greater  mammography  receipt.  We  believe  that  our  results  demonstrate  the  importance  of 
controlling  for  unobserved  characteristics  across  counties  when  estimating  the  effect  of  managed 
care  penetration  on  health  service  use. 

The  results  of  our  study  suggest  that  the  financial  incentives  created  by  managed  care  in  a  market 
do  not  lead  to  a  reduction  in  service  use.  Furthermore,  our  results  suggest  that  the  reduction  in 
the  number  of  mammography  providers  found  in  earlier  research  does  not  threaten  access  to 
mammography,  and  managed  care  penetration  is  unlikely  to  explain  declining  mammography 
use  among  the  uninsured  in  the  1990s. 
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Introduction: 


This  funded  project  addresses  the  role  of  hedgehog  signaling  in  prostate  cancer. 
Using  a  well  characterized  xenograft  model,  the  purpose  of  the  proposal  is  to 
characterize  sonic  hedgehog  (Shh)  expression  in  human  prostate  cancer,  to  examine 
the  affect  of  Shh  overexpression  on  prostate  xenograft  tumor  growth,  and  to 
determine  the  effect  of  Shh  loss  of  ftinction  on  tumor  growth. 

Body: 

The  research  goals  in  the  statement  of  work  have  been  addressed  as  planned. 
Specifically,  the  goals  la,  Ic,  2a,  2b,  and  2d  have  been  accomplished  and  those 
results  are  presented  in  the  appended  manuscript  submitted  for  publication  entitled, 
Shh  Signaling,  an  Embryonic  Signaling  Pathway.  Promotes  Prostate  Xenograft 
Tumor  Growth.  The  details  of  those  findings  and  the  appropriate  data  and  graphic 
representations  are  all  included  in  that  appended  text.  I  anticipate  no  changes  to  the 
original  statement  of  work. 

Key  Research  Accomplishments: 

>  We  have  shown  in  a  survey  of  adult  human  prostate  tissues  that  substantial 
levels  of  hedgehog  signaling  exist  in  normal  hyperplastic  and  malignant 
tissue. 

>  In  cancer  specimens  Shh  expression  is  localized  to  the  tumor  epithelium 
while  Glil  expression  is  localized  to  the  tumor  stroma.  This  tight  correlation 
between  the  levels  of  Shh  and  Glil  expression  would  suggest  active  signaling 
between  the  tissue  layers. 

>  We  have  shown  that  Shh  expressed  by  LNCaP  cells  in  the  xenograft  tumor 
model  activates  Glil  expression  in  the  tumor  stroma. 

>  Shh  over  expression  in  LNCaP  cells  accelerates  tumor  growth.  This  is 
associated  with  a  dramatic  up-regulation  of  stromal  Glil  expression. 

Together  these  implicate  Shh  as  an  important  paracrine  activator  in  prostate 
cancer. 


Reportable  Outcomes: 

1)  A  manuscript  describing  these  results  has  been  submitted  for  publication 
(appended). 

2)  Based  on  this  work  a  post-doctoral  fellow,  Mark  Koeppel  has  applied  for 
and  received  funding  from  the  Department  of  Defense. 

Conclusions: 

This  work  has  identified,  for  the  first  time,  Shh  signaling  as  an  important  paracrine 
activator  in  prostate  cancer  growth.  Our  studies  have  shown  that  this  signaling 
pathway  is  active  in  human  prostate  cancer  and  that  it  dramatically  accelerates 
tumor  growth  in  a  xenograft  model.  As  Shh  signaling  is  a  demonstrated  target  for 
chemical  inhibition  and  has  significant  chemotherapeutic  applications  in  cancer, 
these  finding  have  great  importance  for  human  health.  They  identify  Shh  signaling 
as  a  potential  target  for  therapeutic  intervention  to  slow  or  arrest  prostate  tumor 
growth  -  and  provide  patients  with  prostate  tumor  growth  extended  life  expectancy 
and  increased  quality  of  life.  Toward  validating  this  goal,  we  are  pursuing  the 
remaining  goals  of  the  work  as  previously  outlined.  Namely,  we  intend  to  test 
whether  Shh  loss  of  function  in  LNCaP  stromal  cells  inhibits  tumor  formation  and 
growth. 
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ABSTRACT 


During  fetal  prostate  development,  Sonic  hedgehog  (Shh)  expression  by  the  urogenital 
sinus  epithelium  activates  Gli-1  expression  in  the  adjacent  mesenchyme  and  induces 
ductal  budding  and  growth.  Shh  signaling  is  down  regulated  at  the  conclusion  of  prostate 
ductal  development.  However,  a  survey  of  adult  human  prostate  tissues  reveals 
substantial  levels  of  Shh  signaling  in  normal,  hyperplasic  and  malignant  prostate  tissue. 
In  cancer  specimens,  the  Shh  expression  is  localized  to  the  tumor  epithelium,  while  Gli-1 
expression  is  localized  to  the  tumor  stroma.  Tight  correlation  between  the  levels  of  Shh 
and  Gli-1  expression  suggests  active  signaling  between  the  tissue  layers.  To  determine 
whether  Shh-Gli-1  signaling  could  be  functionally  important  for  tumor  growth  and 
progression,  we  performed  experiments  with  the  LNCaP  xenograft  tumor  model  and 
demonstrated  that:  (1)  Shh  expressed  by  LNCaP  tumor  cells  activates  Gli-1  expression  in 
the  tumor  stroma,  (2)  genetically  engineered  Shh  overexpression  in  LNCaP  cells  leads  to 
increased  tumor  stromal  Gli-1  expression  and  (3)  overexpression  dramatically 
accelerates  tumor  growth.  These  data  suggest  that  hedgehog  signaling  between  the 
epithelial-derived  prostate  cancer  cells  and  stroma  may  be  a  critically  important  factor  in 
growth  of  some  human  prostate  cancers. 


INTRODUCTION 


Stromal-epithelial  interactions  in  prostate  cancer 

The  prostate  is  a  glandular  tissue  composed  of  secretory  epithelial  parenchyma  and 
stroma  that  consists  primarily  of  smooth  muscle  cells  and  fibroblasts  (1,2).  These  stromal 
cells  elaborate  the  components  of  the  extra  cellular  matrix,  including  collagen,  elastic 
fibers  and  matrix  associated  growth  factors,  as  well  as  other  signaling  molecules  that 
regulate  cell  proliferation  and  differentiation  (3).  Tissue  recombination  studies 
demonstrated  the  role  of  mesenchyme  in  directing  growth  and  morphogenesis  during 
embryonic  prostate  development  (4),  and  a  growing  body  of  evidence  indicates  that 
stromal  cells  play  an  equally  intimate  role  in  the  process  of  cancer  development  and 
progression  (5,6). 

The  cell  components  of  the  stroma  in  prostate  cancer  are  similar  to  those  in  the  normal 
prostate.  However,  a  variety  of  experimental  observations  indicate  that  the  stroma  may 
undergo  phenotypic  and/or  genotypic  changes  that  can  enhance  prostate  tumor 
progression.  Co-injection  of  prostate  cancer  derived  prostate  fibroblasts  widi 
tumorogenic  epithelial  cells  enhances  tumor  take  and  growth  in  nude  mice  (7-11). 
Similarly,  human  fibroblasts  obtained  from  prostate  tumors  promote  tremendous  growth 
when  mixed  with  SV40-T  immortalized  human  prostatic  epithelial  cells  and  grafted 
under  the  kidney  capsule  of  athymic  mice  (12).  It  has  been  suggested  that  the  stromal 
reaction  in  cancer  is  a  permutation  of  the  generalized  role  of  stromal  cells  in  wound 
healing  and  that  this  response,  elicited  in  response  to  tumor  cells,  may  inadvertently 
create  conditions  which  favor  tumor  progression  (3).  Likewise,  tumors  may  recruit 


normal  stromal  fibroblasts  to  contribute  to  tumor  growth  by  inducing  a  variety  of 
angiogenic  and  growth  factors  in  a  paracrine  fashion  (reviewed  in  13). 

Hedgehog  proteins  in  the  prostate 

Sonic  hedgehog  (Shh),  a  secreted  signaling  protein,  is  one  of  three  mammalian  homologs 
of  the  Drosophila  gene  hedgehog  expressed  during  prostate  development  (14-17).  It  acts 
as  a  potent  inducer  of  morphogenesis  and  growth  in  diverse  structures  of  the  developing 
embryo  (18,19).  All  known  biologic  activity  is  associated  with  the  N-terminal  fragment 
of  the  protein  (20,21),  which  undergoes  lipid  modification  in  the  form  of  covalent 
coupling  with  cholesterol  (22)  after  cleaveage  firom  the  C-terminus  and  secretion.  This 
process  is  believed  to  restrict  its  diffusion  and  range  of  action. 

Shh  exerts  its  effects  by  activating  gene  transcription  in  target  cells  expressing  the 
hedgehog  receptor  Patched  (Ptc-1;  23)  which  is  often  expressed  adjacent  to  the  cells 
producing  Shh  (24,25).  This  interaction  initiates  a  complex  intracellular  signal 
transduction  cascade  that  activates  the  transcription  factor  Gli-1  (26),  one  of  three 
mammalian  Gli  genes  related  to  the  Drosophila  segment  polarity  gene  Cubitus  interruptus 
(27).  Gli-1  activation  results  in  increased  expression  of  Gli-1  itself,  the  Shh  receptor  Pfc- 
1,  and  target  genes,  which  regulate  proliferation,  differentiation,  and  extra  cellular  matrix 
interactions  (28).  Gli-2  encodes  a  transcriptional  regulator  that  shares  extensive 
homology  with  Gli-1  and  may  provide  functional  redundancy  in  the  transcriptional 
response  to  Shh  signaling.  Gli-3  is  believed  to  provide  both  positive  and  negative 
regulatory  control  over  the  expression  of  Shh  target  genes  (reviewed  in  29). 
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Our  studies  of  prostate  development  identified  Shh  as  a  critically  important  signal  linking 
epithelium  and  mesenchjone  in  the  induction  of  ductal  morphogenesis  (15).  Shh 
expression  in  the  epithelium  of  the  developing  prostate  concentrates  at  sites  of  ductal  bud 
formation  and  the  tips  of  the  growing  ducts.  Shh  activates  Gli-1  expression  in  the 
adjacent  mesenchyme.  Shh  similarly  up  regulates  mesenchymal  expression  of  Gli-2. 
Antibody  blockade  or  chemical  inhibition  of  Shh  signaling  impairs  the  activation  of  Gli-1 
expression  and  inhibits  ductal  budding  and  growth  (14-15).  Since  this  effect  entails 
primarily  an  inhibition  of  epithelial  cell  proliferation,  it  suggested  that  epithelial  Shh 
expression  activates  stromal  mediated  paracrine  signals  that  feed  back  and  stimulate 
epithelial  cell  proliferation.  Shh  and  Gli-1  expression  parallel  the  process  of  ductal 
morphogenesis  and  are  down  regulated  after  prostate  development  is  completed.  An 
initial  survey  of  adult  human  prostate  specimens  revealed  abundant  Shh  and  Gli-1 
expression  in  the  majority  of  huniain  prostate  cancers.  This  observation  prompted  us  to 
examine  the  effect  of  Shh  overexpression  on  growth  of  the  LNCaP  xenograft  tumor. 

LNCaP  cells  are  hmnan  prostatic  epithelial  cells  derived  from  a  metastatic 
supraclavicular  lymph  node  (30).  The  LNCaP  cell  line  forms  xenograft  tumors  at  high 
efficiency  when  co-injected  with  Matrigel  into  nude  mice  (31).  The  xenograft  tumors  are 
composed  of  (human)  LNCaP  prostate  cancer  cells  and  host  (mouse)  derived  stromal 
cells.  We  have  taken  advantage  of  this  model  to  examine  the  influence  of  Shh  signaling 
on  prostate  tumor  growth.  Our  studies  show  that  Shh  expressed  by  LNCaP  cells  activates 
Gli-1  gene  expression  in  host  derived  stromal  cells  and  that  overexpression  of  Shh  in  the 


prostate  cancer  cells  up  regulates  Gli-1  gene  expression  in  vivo  and  accelerates  xenograft 
prostate  tumor  growth.  All  of  the  evidence  suggests  that  Shh  acts  through  the  stroma  to 
stimulate  tumor  cell  proliferation,  presumably  by  activating  paracrine  signaling 
mechanisms.  Taken  in  conjunction  with  our  companion  studies  of  Shh  and  Gli  gene 
expression  in  human  prostate  cancer,  these  observations  identify  Shh  signaling  as  a 
mechanism  by  which  prostate  cancer  cells  may  recruit  stromal  cells  to  support  prostate 
tumor  growth. 
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MATERIALS  AND  METHODS 


Plasmids  and  cell  lines 

The  human  Shh  overexpression  vector,  pIRES2-hS7i/i-EGFP  was  made  by  cloning  a 
1.55Kb  human  Shh  cDNA  fragment  (provided  by  Dr.  Cliff  Tabin,  Harvard  University) 
into  the  EcoRI  site  of  pIRES2-EGFP  mammalian  cell  expression  vector  (Clontech)  and 
confirming  orientation  by  restriction  endonuclease  digestion.  LNCaP  cells  (ATCC, 
Rockville,  MD)  were  transfected  with  pIRES2-luS'/i/!-EGFP  or  with  pIRES2-EGFP  vector 
alone  using  Lipofectin  (Gibco  BRL)  and  selected  with  0.4  |Xg/ml  G418  (Gibco  BRL)  in 
culture  medium  consisting  of  RPMI-1640  (Gibco  BRL)  supplemented  with  10%  fetal 
bovine  serum  (FBS),  penicillin  (100  U/ml)  and  streptomycin  (100  (ig/ml.  Cells  were 
subcloned  by  limiting  dilution  and  clones  were  identified  by  flow  cytometry  using  the 
GFP  tag.  One  high  Shh  expressor  clone  (designated  LNCaP^**^^)  and  one  medium  Shh 
expressor  clone  (designated  LNCaP^**^*^)  were  identified  by  different  levels  of  GFP 
expression  with  flow  cytometry  and  their  Shh  expression  levels  were  confirmed  by  real 
time  RT-PCR  and  Western  blot  analysis.  Cell  proliferation  in  vitro  was  quantitated  by 
comparing  cell  counts  using  a  coulter  counter  on  replicate  platings  at  different  time 
points. 

Xenograft  model 

All  animal  experiments  were  conducted  in  accord  with  institutional  policies  and  lAUCC 
guidelines.  LNCaP  xenograft  tumors  were  created  by  subcutaneous  co-injection  of 
LNCaP  cells  (1x10®  m  250  |j,l  PBS)  with  250|xl  Matrigel  into  both  flanks  of  adult  male 
nude  CD-I  mice  (Charles  River  Laboratories).  Ten  mice  each  were  injected  with  each  of 
the  four  cell  lines.  Tumors  were  measured  weekly  with  a  caliper  and  tumor  volumes  were 
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calculated  according  to  the  formula  (Length  x  Width  x  Depth  x  0.5236;  32  ;  Note: 
Volume=  7txWxDxL/6  is  the  volume  of  an  ellipsoid.).  The  mice  were  followed  for 
eleven  weeks,  although  some  cell  lines  experienced  high  mortality  beginning  at  week 
nine.  All  procedures  were  approved  by  the  Animal  Care  and  Use  Committee  of 
Northwestern  University. 

RT-PCR 

Expression  levels  of  Shh  and  Gli  in  the  initial  study  were  determined  by  semi-quantitative 
RT-PCR  performed  as  previously  described  (16),  using  message  for  the  ribosomal 
subunit  protein,  RPL-19,  as  an  internal  standard.  RNA  samples  were  amplified  for  35 
cycles.  The  annealing  temperature  for  all  PCRs  was  60°C,  except  for  mouse  Ptc-1,  which 
was  64'’C.  Sequences  for  primers  and  length  of  the  products  are  as  follows: 
human  5/i/j  forward  5’ AGAGTA  GCC  CTA  ACC  GCTCC  3’ andreverse  5’ 

GGC  TTC  AGC  TGG  ACT  TGA  CC  3  ’  160bp 

mouse  Shh  forward  5’  GGC  AGA  TAT  GAA  GGG  AAG  AT  3 ’and  reverse  5’  ACT 
GCT  CGA  CCC  TCA  TAG  TG  3  ’  260bp 

mouse  Patched-l^oxsN^x&  5’  GCA  TTC  TGG  CCC  TAG  CAA  TA  3’and  reverse  5’  GTC 
TCA  GGG  TAG  CTC  TCA  TA  3’  228bp 

human  G/i-iforward  5’  GCT  AGA  GTC  CAG  AGG  TTC  AA  3’  and  reverse  5’ 

C AG  TAG  GTG  GGA  AGT  CCA  TA  3  ’  229bp 

mouse  Gli-1  forward  5’  CCT  GCT  CAG  CAC  TAC  ATG  CT  3’and  reverse  5’  TGT 
GGC  GAA  TAG  ACA  GAG  GT  3’  314bp 

mouse  Gli-2  forward  5’  TTC  ATG  GAG  TCC  CAG  CAG  AA  3’and  reverse  5’  CTG 
GCC  ATA  GTA  GTA  TAG  CG  3’  273bp 
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mouse  G//-5forward  5’  AGG  TGA  CCT  GTC  A.GG  TGT  AG  3’and  reverse  5’  TGA 
AGC  ATC  TGT  GGA  GAT  GG  3’  220bp 

human RPL-19  forward  5’  GTG  GCA  AGA  AGA  AGG  TCT  GG  3’  and  reverse  5’ 
ATG  ATC  TCC  TCC  TTC  TTG  GC  3’  505bp 

mouse  RPL-19  forward  5’  TCA  GGC  TAC  AGA  AGA  GGC  TT  3’and  reverse  5’  GAC 
AGA  GTC  TTG  ATG  ATC  TC  3  ’  556bp 

Expression  levels  of  Shh  and  Gli-1  in  further  human  expression  studies  and  xenograft 
tumors  were  determined  by  quantitative  RT-PCR  using  TaqMan  instrumentation 
(Applied  Biosystems).  Total  RNA  was  isolated  from  cryo-pulverized  tissue  with  Trizol 
(GIBCO-BRL)  according  to  the  manufacturer’s  instractions.  RNA  was  then  subjected  to 
reverse  transcription  using  standard  protocols.  Species-specific  primers  for  human  Shh 
and  mouse  Gli  genes  and  Ptc-1  were  used  to  localize  expression  to  the  epithelial  and 
mesenchymal  components  of  the  xenograft  tumor.  Real-time  RT-PCR  analysis  used 
gene-specific  primers  and  fluorescent  probes  for  Hedgehog  pathway  genes  and 
glyceraldehydes-3-phosphate  dehydrogenase  (GAPDH)  as  an  internal  standard.  Each 
PCR  reaction  was  run  in  duplicate  and  according  to  the  manufacturers  recommendations 
and  default  settings. 


human  GAPDH  forward  5 ’  CCA  CAT  CGC  TCA  GAC  ACC  AT  3 ’;  reverse  5’ 
GCA  ACA  ATA  TCC  ACT  TTA  CCA  GAG  TTA  A3’;  probe  FAM-CGC  CCA  ATA 
CGA  CCA  AAT  CCG-TAMRA 
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human  Shh  forward  5’  AAG  GAC  AAG  TTG  AAC  GCT  TTG  G  3’;  reverse  5’  TCG 
GTC  ACC  CGC  AGT  TTC  3’;  probe  VIC-CTC  CTG  GCC  ACT  GGT  TCA  TCA  CCG- 
TAMRA 

human  Ptc-1  forward  5’  CGC  TGG  GAC  TGC  TCC  AAG  T  3’;  reverse  5’  GAG  TTG 
TTG  CAG  CGT  TAA  AGG  AA  3’;  probe  VIC-CCG  ATC  AAT  GAG  CAC  AGG  CCC 
A-TAMRA 

human  Gli-l  forward  5’  AAT  GCT  GCC  ATG  GAT  GCT  AGA  3’;  reverse  5’  GAG 
TAT  CAG  TAG  GTG  GGA  AGT  CCA  TAT  3’;  probe  VIC-CCC  ACC  ATG  GAG  GTC 
CCA  ACT  TCT  G-TAMRA 

human  Gli-2  forward  5’  AAG  AAA  GTG  ATG  ATG  CGA  TGT  CTA  A  3’;  reverse  5’ 
TGT  CGG  TAA  AGC  AGC  ACA  TGT  AT  3’;  probe:  VIC-ACG  TTC  AAG  GCA  CCG 
CAT  CTG  TGA  TC-TAMRA 

human  Gli-i  forward  5  ’  ATC  ATT  CAG  AAC  CTT  TCC  CAT  AGC  3  ’ ;  reverse  5  ’ 
TAG  GGA  GGT  GAG  CAA  AGA  ACT  CAT  3  probe:  VIC-CCT  CCC  GCC  TCA 
CCA  CGC  CT-TAMRA 

moMse  GAPDH  forward  5’  AGC  CTC  GTC  CCG  TAG  ACA  AAA  T  3’;  reverse  5’ 
CCG  TGA  GTG  GAG  TCA  TAC  TGG  A  3’;  probe  FAM-CGG  ATT  TGG  CCG  TAT 
TGG  GCG-TAMRA 

mouse  Shh  forward  5’  AAT  GCC  TTG  GCC  ATC  TCT  GT  3’;  reverse  5’  GCT  CGA 
CCC  TCA  TAG  TGT  AGA  GAC  T  3’;  probe  VIC-CGC  AGC  TTC  ACT  CCA  GGC 
CAC  TG-TAMRA 
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mouse  Ptc-1  forward  5  ’  CTC  TGG  AGC  AGA  TTT  CCA  AGG  3 reverse  5 ’  TGC 
CGC  AGT  TCT  TTT  GAA  TG  3’;  probe  VIC-AAG  GCT  ACT  GGC  CGG  AAA  GCG 
C-TAMRA 

mouse  Gli-1  forward  5’  GGA  AGT  CCT  ATT  CAC  GCC  TTG  A  3’;  reverse  5’  CAA 
CCT  TCT  TGC  TCA  CAC  ATG  TAA  G  3’;  probe  VIC-CTC  AAG  ACG  CAC  CTT 
CGG  TCG  CAC-TAMRA 

mouse  Gli-2  forward  5  ’  TCC  ATG  AAG  CTC  GTC  AAG  GTT  3 reverse  5 ’  GCA 
AGT  AAC  TGA  GGA  GAC  TAC  AAT  ATC  C  3’;  VIC-TGC  GCC  TTT  CTC  CTC  CGT 
GGTG-TAMRA 

Western  blots 

For  Western  blot  analysis  of  Shh  protein,  cells  growing  in  flasks  were  washed  with 
phosphate  buffered  saline  (PBS)  and  scraped  into  1  ml  of  lysis  buffer  (50  mM  Tris-HCl, 
pH  7.5, 150  mM  NaCl,  10  mM  EDTA,  0.5%  deoxycholate,  0.1%  SDS,  1%  Igepal  CA 
630,  TmM  sodium  vanadate,  10  |ig/ml  each  of  aprotinin,  leupeptin,  and  pepstatin), 
incubated  at  4°C  for  60  min  with  gentle  shaking  and  spun  for  20  min  at  20,000g  to  obtain 
clear  lysates  (33).  Tumor  tissues  were  minced  into  small  pieces  and  homogenized  with  a 
glass  homogenizer  in  lysis  buffer.  Total  protein  in  lysates  was  quantitated  using  Biorad 
protein  assay  reagent  and  10-20  |Xg  protein  was  run  on  14%  SDS-PAGE  gel,  transferred 
to  nitrocellulose  membrane  (Amersham  Corp.),  incubated  with  1 :200  goat  anti-human 
Shh  N-terminal  antibody  (Santa  Cruz  Cat#  SC-1 194)  followed  by  1:5000  horseradish 
peroxidase-conjugated  donkey  anti-goat  IgG  (Santa  Cruz  Cat#  SC-2056)  and  developed 
by  enhanced  chemiluminescence  using  the  ECL  reagent  according  to  manufacturer’s 
directions  (Amersham  Corp.). 
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Histology 

Tumor  tissues  were  fixed  in  4%  paraformaldehyde  overnight  at  4°C,  embedded  in 
paraffin,  sectioned  at  5|im  and  stained  with  hematoxylin  and  eosin. 

Radioactive  in  situ  hybridization 

In  situ  hybridizations  were  performed  on  paraformaldehyde-fixed,  paraffin-embedded 
histological  sections,  essentially  as  described  in  Wilkinson  et  al.  (34).  Briefly,  7|a.m 
sections  were  cleared,  re-hydrated,  digested  with  proteinase  K,  acetylated  and  hybridized 

'I'l 

with  [  P]-  labeled  RNA  probes  over  night.  After  high  stringency  post-hybridization 
washes,  slides  were  dipped  in  photo  emulsion  and  incubated  in  the  dark  for  14-21  days  at 
4°C.  After  developing,  slides  were  counter-stained  lightly  with  hematoxylin  and  imaged 
under  dark-field  illumination.  Using  Photoshop  software,  dark-field  images  were 
artificially  colored  in  red  and  superimposed  onto  the  corresponding  bright-field  images. 
Sense  and  antisense  probes,  probe  vector  used  were  as  follows:  human  Shh  (35),  human 
Ptc-1  (36)  mouse  Ptc-1  (25),  mouse  Gli-1  and  Gli-2  (27). 

(7/i-luc  assay 

C3H10T1/2  cells  (ATCC,  Rockville,  MD)  carrying  a  hedgehog-responsive  reporter  gene 
construct  (37)  were  grown  in  DMEM  with  10%  FBS,  penicillin/streptomycin,  and  added 
glutamine.  To  assess  hedgehog  induction  by  the  LNCaP  cell  lines,  these  reporter  cells 
were  co-cultured  with  either  LNCaP  or  LNCaP’^**^  cells,  respectively  (10,000  each  per 
well)  over  night  in  medium  containing  10%  FBS.  The  next  day,  the  plates  were  changed 
to  medium  with  0.5%  FBS.  After  48  hrs,  plates  were  assayed  for  luciferase  activity  with 
the  LucLiteTM  kit  (Packard). 

Human  tissues 
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Pooled  fetal  prostate  RNA  is  from  20-22  week  old  samples  and  was  obtained  from 
ResGen.  Adult  human  prostate  tissues  were  obtained  at  Northwestern  University  from 
the  following  sources:  (1)  Normal  prostate  tissues  were  obtained  from  organ  donors  at  the 
time  of  organ  harvest.  (2)  Prostate  cancer  tissues  were  obtained  either  by  transurethral 
surgery  (chaimel  TURP)  in  men  with  clinically  advanced  prostate  cancer  or  at  the  time  of 
radical  prostatectomy  by  focal  excision  of  the  tumor  tissue  from  prostate  specimen.  (3) 
BPH  tissues  were  obtained  from  specimens  at  the  time  of  transurethral  or  open  surgery. 

In  each  case,  the  diagnostic  designation  was  histologically  confirmed.  Paired  prostate 
cancer/  benign  prostate  tissue  specimens  were  provided  by  the  Tissue  and  Serum 
Repository,  Kansas  Cancer  Institute,  University  of  Kansas  Medical  Center.  These 
specimens  were  obtained  from  men  undergoing  radical  prostatectomy  for  clinically 
localized  prostate  cancer.  After  removal  of  the  specimen,  core  biopsies  were  performed 
of  the  apparent  site  of  the  tumor  and  the  equivalent  site  on  the  contralateral  side  of  the 
specimen.  Of  the  twenty  specimens  processed  in  this  way,  eleven  pairs  of  tumor  and 
benign  tissue  from  the  same  patient  were  confirmed  by  histologic  examination.  Only 
these  1 1  sets  were  included  in  the  final  analysis.  All  procedures  for  tissue  acquisition  and 
analysis  were  approved  by  the  IRBs  of  Northwestern  University  and  Kansas  University 
Medical  Center. 

Statistical  Analysis: 

Cell  Line  Growth  Culture:  To  assess  whether  there  were  any  differences  in  the  growth  of 
the  four  cell  lines  (LNCaP,  LNCaP-GFP,  LNCaP'^''*^^^)  LNCaP®'**”^),  a  Gompertz  growth 
model  was  fitted  to  each  line.  Day  0  cell  counts  were  used  as  a  baseline,  so  counts  for 
each  line  in  subsequent  days  were  expressed  as  percentages  with  respect  to  the  day  0 


average  count.  Natural  (base  e)  logarithms  of  the  percentages  were  obtained  in  order  to 
make  the  variability  across  time  and  cell  lines  more  homogeneous. 

The  Gompertz  model  is  given  by:  In  (%  growth)  =  a  exp(6  c'),  where  “In”  denotes  the 
natural  logarithm,  t  is  the  time  (in  days),  a  is  the  growth  limit  as  t  assumes  arbitrarily 
large  values,  b  is  related  to  growth  at  time  0,  and  c  is  the  growth  rate.  The  model  can 
accommodate  line-specific  asymptotes  by  including  dummy  variables  for  each  cell  line: 

ln(%  growth)=[a+ag  GFP+awj  Med-l-flf/i  High]  exp(-6  c*), 

where  GFP  equals  one  if  a  given  observation  is  from  cell  line  LNCaP®^^,  and  0 
otherwise,  and  Med  and  High  areas  are  defined  similarly.  The  excluded  level  (LNCaP)  is 
the  reference  value.  Any  significance  in  the  parameters  associated  with  the  dummy 
variables  {ag,  am,  ah)  captures  deviations  of  those  levels  with  respect  to  LNCaP. 
Similarly,  the  Gompertz  model  can  accommodate  line-specific  growth  rates  by  expanding 
b  in  the  original  model  to  a  sum  of  dummy  variables  with  their  accompanying 
coefficients.  Since  growth  is  expressed  as  a  percentage  relative  to  day  0  data,  it  is  not 
meaningful  to  allow  b  to  vary  by  cell  line. 

A  Gompertz  model  with  line-specific  asymptote  and  growth  rate  was  estimated  via 
Gauss-Newton  optimization,  as  implemented  in  R  vl.6.2  (38).  Model  assumptions  were 
assessed  via  residual  plots,  and,  if  warranted,  parameter  significance  was  tested  via  the 
approximate  t  test.  Non-significant  parameters  were  excluded  and  the  model  was  re-fit. 
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Mice  Tumor  Growth:  Tumor  size  (mm^)  was  plotted  against  the  number  of  weeks  for 
each  mouse,  with  both  sides  combined.  Mice  that  failed  to  reliably  establish  a  tumor  were 
not  included  in  the  analysis.  Since  straight  lines  provided  a  reasonably  accurate  summary 
representation  of  the  growth  patterns,  least  squares  fits  were  obtained  for  each  mouse  by 
regressing  tumor  size  at  each  time  point  and  combining  both  sides.  To  assess  differences 
between  cell  line  growth,  the  slopes  of  the  regression  lines  were  analyzed  via  a  one-way 
nonparametric  ANOVA  (Kruskal  Wallis)  by  ranking  the  slopes  and  performing  an 
ANOVA  on  the  ranks.  All  six  pair  wise  comparisons  between  the  cell  least-squares  mean 
rank  were  performed. 

Human  Tissues:  The  expression  of  Sonic  hedgehog  (Shh)  and  three  related  genes  (Gli-l, 
Gli-2,  Gli-3)  were  measured  by  real  time  RT-PCR  analysis  in  two  sets  of  tissues  from 
adult  males.  Data  set  1  (DSl)  consisted  of  nineteen  adult  male  prostate  specimens 
obtained  at  Northwestern  University  that  were  classified  into  three  groups  by  clinical 
diagnosis,  histologically  confirmed  normal  (N;  n=7),  prostate  cancer  (PC;  n=6)  and 
beiiign  prostatic  hyperplasia  (BPH;  n=6).  Data  set  2  (DS2)  consisted  of  tissues  obtained 
at  the  University  of  Kansas  Medical  Center.  Although  data  from  DSl  and  DS2  were 
obtained  from  different  sources  and  analyzed  in  different  RT-PCR  reactions,  they  were 
combined  for  the  statistical  analysis.  Differences  in  the  mean  gene  expression  between 
groups  were  tested  with  a  one-way  analysis  of  variance  (ANOVA;  completely 
randomized  design).  The  residuals  were  examined  for  evidence  of  violations  in  the 
assumptions.  If  needed,  variance-stabilizing  transformations  were  used.  If  the  overall  P- 
value  for  the  ANOVA  was  significant,  pair-wise  contrasts  were  obtained  for  all  possible 
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group  pairs.  No  adjustment  was  made  for  testing  all  contrasts.  DSl  and  DS2  were 
combined  to  yield  a  set  containing  the  following  samples:  normal  prostate  (N,  n=7), 
benign  prostatic  hyperplasia  (BPH,  n=6),  prostate  cancer  (PC,  n=6),  tumor  (T,  n=l  1), 
and  benign  (B,  n=l  1).  Notice  that  each  individual  in  DSl  contributes  one  observation  to 
the  combined  data  set.  In  contrast,  each  individual  in  DS2  contributes  two  observations 
to  the  joint  data  set.  No  adjustment  was  made  for  this  as5nnmetry. 

To  assess  whether  Shh  should  be  incorporated  as  a  covariate,  analysis  of  covariance 
(ANCOVA)  was  used  for  each  of  the  three  Gli  genes.  The  model  allowed  for  the 
possibility  of  differences  in  the  intercept  and  the  slope  across  groups.  Model  fit 
diagnostics  were  obtained  via  graphical  assessment  of  the  residuals.  If  warranted, 
transformations  were  used  to  ensure  the  model  assumptions  were  not  violated. 

The  plots  and  Gompertz  fits  were  generated  in  R  version  1.6.25.1  (38).  The  ANOVA,  and 
ANCOVA  and  Kruskal-Wallis  analyses  models  were  fit  in  SAS,  release  6.12  (39). 
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RESULTS 


Expression  of  Shh  and  Gli  in  the  human  prostate:  normal,  BPH  and  cancer. 

Shh  is  expressed  in  the  human  fetal  prostate.  Expression  is  most  abimdant  between  1 1 
and  16  weeks  of  gestation,  a  period  of  ductal  budding  and  intense  ductal  morphogenesis, 
and  is  markedly  diminished  by  34  weeks  of  gestation  (16).  An  initial  semi-quantitative 
RT-PCR  survey  of  Shh  expression  in  3  normal  adult  prostate  specimens  (18, 30  and  45 
years),  and  8  specimens  of  high  grade  (Gleason  8-10)  prostate  carcinoma,  including  2 
hormone  refractory  tumors,  revealed  low  expression  in  normal  prostate  specimens  and 
apparently  increased  Shh  expression  in  the  majority  of  the  cancer  tissues.  A 
representative  gel  is  shown  (FIGURE  1).  A  companion  survey  of  Gli-1  expression 
showed  increased  Gli-1  expression  in  all  8  cancer  specimens  examined  and  an  apparent 
correlation  between  the  intensity  of  Shh  and  Gli-1  expression  in  the  individual  specimens. 
The  levels  of  Shh  and  Gli-1  expression  in  these  tumor  specimens  are  comparable  to  the 
level  of  expression  observed  in  the  15.5  week  fetal  prostate  (data  not  shown).  These  data 
suggest  that  Shh  and  Gli-1  are  frequently  and  coordinately  up-regulated  in  prostate 
cancer. 

To  more  comprehensively  characterize  Shh  and  Gli  gene  expression  in  the  human 
prostate,  two  subsequent  surveys  were  performed.  The  first  compared  Shh  and  Gli  gene 
expression  in  7  normal  prostate  (N)  specimens  from  organ  donors  15-28  years  old,  6 
benign  prostatic  hyperplasia  (BPH)  specimens  obtained  by  TURP  (n=4)  or  open 
prostatectomy  (n=2),  and  6  prostate  cancer  (PC)  specimens  obtained  from  glands 
removed  by  radical  prostatectomy.  The  purpose  of  this  survey  design  was  to  compare 
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gene  expression  in  normal  prostate  tissue  from  young  adult  men  (N),  in  hyperplastic 
(benign)  tissue  from  men  without  prostate  cancer  (BPH)  and  in  specimens  of  human 
prostate  cancer  (PC).  Expression  of  Shh,  Gli-1,  Gli-2,  and  Gli-3  was  assayed  by 
quantitative  real  time  RT-PCR.  Since  the  hedgehog  pathway  is  typically  down-regulated 
to  maintenance  or  undetectable  levels  in  most  adult  organs,  expression  was  normalized  to 
an  internal  expression  standard  of  robust  developmental  Shh  signaling  activity,  fetal  brain 
RNA.  This  survey  revealed  that  Shh  expression  is  generally  abundant  in  both  benign  (N 
and  BPH)  and  cancer  (PC)  specimens  (FIGURE  2).  For  statistical  analysis  of  expression 
in  the  different  groups,  logarithmic  and  rank  transformations  were  used  in  order  to  satisfy 
the  assumptions  of  normality  and  homogeneous  variance  across  groups  .  There  was  little 
difference  between  the  two,  so  only  the  results  for  the  logarithmically-transformed  (base 
e)  expressions  are  shown  (FIGURE  2A,  B).  Analysis  of  variance  (ANOVA)  revealed  no 
significant  differences  in  levels  of  Shh  expression  (P=0.991)or  Gli-1  expression 
(P=0. 802)  in  the  normal  (N)  and  BPH  specimens  (Fig.  2 A),  although  expression  of  Gli- 
2  and  Gli-3  between  these  two  groups  differs  significantly  (Fig.2A;  P=0.007  and 
P=0.018,  respectively).  There  seemed  to  be  increased  Shh  and  Gli-1  expression  in  the 
cancer  specimens  (PC)  as  compared  to  normal  (N)  and  BPH,  but  the  differences  were  not 
statistically  significant  (P=0.263  and  P=0.251  for  Shh  and  P=0.161  and  P=0.226  for  Gli- 
1,  respectively).  Recognizing  that  the  best  control  for  any  individual  prostate  cancer 
specimen  may  be  benign  tissue  from  the  same  gland,  a  second  survey  was  performed  to 
compare  expression  in  prostate  cancer  and  in  zone-homologous  non-malignant  prostate 
tissue  from  the  same  gland.  Paired  specimens  of  tumor  (T)  and  benign  (B)  tissue  from  1 1 
men  undergoing  radical  prostatectomy  were  obtained  by  matching  histologically 
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confirmed  tumor  with  histologically  confirmed  benign  tissue  obtained  from  the 
contralteral  lobe.  Statistical  analysis  revealed  no  significant  differences  in  Shh  or  Gli 
gene  expression  between  the  cancer  specimens  and  zone  homologous  tissues  from  the 
same  group  of  patients  (Fig.  2A,  T  vs  B;  P=0.4645).  While  these  studies  do  not 
demonstrate  a  consistent,  statistically  significant  increase  in  Shh  or  Gli-1  gene  expression 
specifically  in  prostate  cancer,  they  do  show  that  a  subset  of  cancer  and  benign  tissues  in 
both  series  display  extremely  high  levels  of  Shh  and  Gli-1  expression  (i.e.  one  to  two 
orders  of  magnitude  higher  than  average). 

Active  Shh  signaling  between  epithelium  and  stroma 

The  conserved  role  of  Shh  in  activating  Gli-1  expression  prompted  us  to  examine  whether 
the  level  of  Shh  expression  predicted  the  level  of  Gli-1  expression  in  individual 
specimens.  Analysis  of  co-variance  (ANCOVA;  FIGURE  2B)  revealed  a  highly 
significant  association  between  Shh  and  Gli-1  expression  (P=0.0001).  This  association  is 
equivalent  in  all  subgroups  and  suggests  that  Shh  activity  determines  die  expression  of 
Gli-1,  even  in  the  absence  of  normalizing  for  the  proportion  of  epithelium  to 
mesenchyme  in  the  tissues.  In  situ  hybridization  demonstrated  that  Shh  expression 
localizes  to  the  epithelium,  whereas  Gli-1  is  expressed  by  the  stroma  (FIGURE  3).  This 
finding  suggests  that  stromal  Gli-1  expression  is  driven  by  Shh  signaling  from  the 
epithelium.  Analysis  of  covariance  also  revealed  a  similarly  linear  relationship  between 
Shh  expression  and  that  of  Gli-2  and  Gli-3  (FIGURE  2B). 

To  determine  whether  the  level  of  Shh  and  Gli-1  identified  in  the  human  prostate  tumor 
specimens  is  physiologically  significant,  we  compared  their  expression  to  that  seen  in 
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fetal  brain  where  Shh  signaling  is  known  to  play  a  critically  important  role  in  stimulating 
growth.  Expression  of  Shh  and  Gli-1  in  matched  specimens  from  patients  with  prostate 
cancer  (T  and  B)  was  typically  the  same  order  of  magnitude  as  the  fetal  brain ,  but  was 
markedly  increased  in  some  cases  (FIGURE  4).  The  high  level  of  Shh  signaling  activity  . 
in  these  tissues,  in  many  cases  higher  even  than  that  of  developing  embryonic  prostate,  is 
consistent  with  a  possible  role  in  tumor  growth  .  The  correlation  between  relative  levels  of 
Shh  and  Gli-1  expression  in  individual  specimens  suggested  by  the  statistical  analysis  is 
clearly  evident  in  this  graphic  display  [Compare  relative  levels  of  Shh  expression  in 
FIGURE  4A  and  to  Gli-1  expression  in  FIGURE  4B  in  corresponding  specimens]. 

LNCaP  Shh  expression  is  associated  with  mouse  Gli-1  expression  in  xenograft 
tumors 

LNCaP  is  an  androgen  responsive  human  prostate  cancer  cell  line  which  forms  xenograft 
tumors  in  nude  mice  when  co-injected  with  Matrigel,  a  solubilized  membrane  preparation 
rich  in  extra  cellular  matrix  proteins  (30,3 1).  To  examine  the  role  of  Shh  in  LNCaP 
xenograft  tumor  formation  and  growth,  we  engineered  LNCaP  cells  to  over  express 
human  Shh.  LNCaP  cells  were  stably  transfected  with  a  GFP  expression  vector 
containing  the  human  Shh  cDNA  under  the  control  of  a  CMV  promoter.  Two  clones 
exhibiting  different  degrees  of  Shh  over  expression  (LNCaP^**^  and  LNCaP^^*®)  by 
RT-PCR  and  Western  blot  analysis,  as  compared  to  a  clone  transfected  with  vector  only 
(LNCaP  )  and  the  parent  cell  line,  were  selected  for  further  study.  The  overexpresser 
and  control  cells  exhibited  identical  morphology  (not  shown),  and  no  significant 
differences  in  growth  rate  (P>0.1 12)  or  maximal  growth  (P>0.739)  in  culture  (FIGURE 
5).  This  argues  against  any  autocrine  effect  of  Shh  overexpression  on  growth  of  the 
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LNCaP  cells.  Furthermore,  Shh  over  expression  is  not  associated  with  activation  of 
human  Pto-i,  Gli-1  or  Gli-2  in  monolayer  culture  (FIGURE  6),  again  arguing  against 
autocrine  signaling  activity.  In  addition,  a  co-culture  assay  using  a  G//-luciferase  reporter 
cell  line  (37)  demonstrated  robust  three-  to  fourfold  induction  of  luciferase  activity  by  the 
LNCaP  overexpresser  cells  as  compared  to  the  control  cell  line  (FIGURE  7).  This  assay 
verified  that  Hedgehog  protein  is  not  only  expressed  and  produced,  but  also  properly 
processed  and  secreted  in  the  engineered  cell  lines. 

When  co-injected  with  Matrigel,  LNCaP  parent  and  Shh  overexpresser  cell  lines  form 
xenograft  tumors  consisting  of  nests  of  human  prostate  cancer  cells  and  an  intervening, 
well-vascularized  fibroblastic  stroma  derived  from  the  host  mouse  (31).  Xenograft 
tumors  made  with  Shh  overexpressing  cells  and  control  LNCaP  cells  appeared 
indistinguishable  (FIGURE  8)  and  review  by  a  urologic  pathologist  identified  no 
differences  in  histologic  appearance  between  the  tumors  made  with  the  LNCaP  parent 
cell  line  or  cells  overexpressing  Shh.  A  specific  advantage  of  the  xenograft  model  for 
studying  the  role  of  Shh  signaling  is  that  it  allows  for  discrimination  of  mouse-  and 
human-specific  gene  expression  by  use  of  species  specific  PCR  primers.  Human  and 
mouse  specific  primers  were  designed  and  used  to  assay  for  Ptc-1,  Gli-1  and  Gli-2 
expression  in  order  to  determine  the  target  of  Shh  signaling.  Xenograft  tumors  made  with 
LNCaP  parent  and  overexpresser  cell  lines  show  low  and  high  level  human  Shh 
expression,  respectively.  In  accordance  with  our  cell  culture  assays,  these  expression 
experiments  revealed  barely  detectable  human  Ptc-1  expression  and  no  human  Gli-1 
expression  (not  shown).  Mouse  Ptc-1  and  Gli-1  were,  however,  detected  in  xenograft 
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tumors  made  with  the  LNCaP  parent  cell  line  and  demonstrated  high  levels  of  expression 
in  xenograft  tumors  made  with  cells  overexpressing  the  Hedgehog  ligand  (FIGURE  9). 
These  findings  indicate  that  Shh  secreted  by  LNCaP  cells  is  signaling  to  mouse  stromal 
cells  present  within  the  xenograft  tumor  and  activating  stromal  cell  Ptc-1  and  Gli-1 
expression  only  in  a  paracrine  loop.  This  was  confirmed  by  radioactive  in  situ 
hybridization  on  xenograft  tumor  tissue,  in  which  the  hedgehog  ligand  is  expressed  by 
epithelial  cells,  while  the  Hedgehog  target  genes  Ptc-1  and  Gli-1  are  expressed  in  the 
adjacent  stroma  (FIGURE  10),  as  is  the  case  in  human  prostate  tumors. 

Shh  overexpression  accelerates  tumor  growth. 

It  has  been  demonstrated  previously  that  in  order  to  obtain  tumor  formation  at  high 
frequency,  LNCaP  cells  must  be  co-injected  with  either  Matrigel  or  a  suitable  stromal  cell 
line  such  as  bone  fibroblasts.  Control  cells  and  LNCaP  cells  overexpressing  Shh  formed 
tumors  with  equally  high  take  rates  (80-1 00%)  in  multiple  experiments.  To  test  whether 
Shh  overexpression  would  ameliorate  the  requirement  for  co-injection  with  Matrigel, 
control  and  overpressor  cells  were  injected  without  Matrigel  and  tumor  formation  scored 
weekly.  Neither  the  control  nor  Shh  overexpresser  cells  demonstrated  significant  tumor 
formation  even  with  prolonged  (12  week)  follow  up  (data  not  shown),  indicating  that 
epithelial-stromal  interactions  facilitated  by  Matrigel  are  critically  important  for 
establishment  of  xenograft  tumors  and  caimot  be  overcome  by  expression  of  Shh  alone. 

When  comparing  the  growth  rate  of  tumors  generated  with  Shh  overexpresser  and  control 
cells  co-injected  with  Matrigel,  a  significantly  increased  growth  rate  for  the  tumors  made 
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with  LNCaP  cells  overexpressing  Shh  was  observed  (FIGURE  H).  The  comparison 
demonstrates  a  significantly  increased  rate  of  tumor  growth  for  the  medium  and  high  Shh 
overexpressers  as  compared  to  both  the  GFP  and  parent  cell  line  controls.  Histologic 
examination  of  the  tumors  excluded  an  increase  in  stromal  proliferation  as  an  explanation 
of  the  increased  tumor  growth  rate,  since  both  overexpresser  and  control  xenografts  are 
composed  of  an  epithelium-rich  tumor  with  a  relatively  small  component  of  stromal 
tissue.  Taken  together,  these  findings  suggest  that  Shh  overexpression  results  in 
increased  tumor  growth  by  stimulating  tumor  cell  proliferation  in  a  paracrine  manner, 
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DISCUSSION 


Hedgehog  signaling  in  the  developing  and  normal  adult  prostate 

Shh-Gli  signaling  plays  an  essential  role  in  ductal  morphogenesis  during  prostate 
development.  Shh  is  expressed  by  the  epithelium  of  the  male  urogenital  sinus  and 
activates  Gli-1  gene  expression  in  the  adjacent  mesenchyme  (14,15).  This  occurs 
coincident  with  the  formation  of  the  epithelial  outgrowths  (buds)  that  form  the  main 
prostatic  ducts.  Blockade  of  Shh  signaling  inhibits  activation  of  Gli-1  gene  expression 
and  the  process  of  ductal  budding.  This  loss  of  ductal  budding  is  associated  with 
diminished  epithelial  proliferation,  implicating  Shh-Gli  signaling  as  a  mechanism  that 
activates  Gli-mediated  paracrine  signals,  which  in  turn  promote  epithelial  proliferation 
and  outgrowth  of  the  ductal  tip  during  embryonic  development.  Shh  expression  in  the 
prostate  diminishes  as  ductal  morphogenesis  is  completed. 

In  the  postnatal  prostate,  this  signaling  pathway  appears  to  play  a  role  in  differentiation, 
rather  than  cell  division,  as  it  induces  differentiation  of  epithelial  cells  into  postmitotic, 
terminally  differentiated  luminal  cells  (17).  The  apparent  contradictory  functions  of  Shh 
in  growth  and  differentiation  of  the  developing  versus  postnatal  prostate  may  be  due  to 
differing  concentrations  of  the  active  Shh-N  protein  or  changing  tissue  responsiveness 
due  to  the  presence  or  absence  of  negative  regulators  such  as  activin  A  and  TGF-beta  1  in 
the  stroma  (17).  Even  so,  both  sets  of  publications  firmly  establish  the  presence  of  a 
paracrine  signaling  mechanism  from  the  Shh  expressing  epithelium  to  the  stroma,  which 
activates  hedgehog-responsive  genes  such  as  Ptc-1  and  Gli-1  and,  presumably,  reciprocal 
mesenchymal  signals  that  affect  epithelial  cell  proliferation  and  differentiation. 
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Epithelial-mesenchymal  interactions  driven  by  epithelially  expressed  Hedgehog  ligand 
are  a  central  theme  in  the  morphogenesis  of  several  other  developing  organs  (40-44).  As 
inappropriate  activation  of  more  and  more  developmentally  expressed  signaling  pathways 
emerges  as  a  key  factor  in  oncogenesis  and  hyperproliferative  disease,  (reviewed  in  45- 
47),  we  decided  to  examine  the  expression  levels  of  Hedgehog  pathway  genes  in  human 
prostate  cancer  and  benign  prostatic  hyperplasia  samples.  Our  survey  reveals  1) 
significant  maintenance  levels  of  Shh  and  Gli  gene  expression  in  the  adult  human 
prostate,  2)  very  high  levels  of  Hedgehog  signaling  in  some  cases  of  prostate  cancer  and 
benign  prostatic  hyperplasia,  and  3)  a  strong  correlation  of  the  amplitude  of  Shh  with  that 
of  Gli  gene  expression,  regardless  of  the  relative  proportion  of  epithelium  and 
mesenchyme. 

Hedgehog  signaling  in  diseased  prostate  tissue 

Analysis  of  specimens  from  young  adult  men,  from  men  with  BPH  and  from  men 
undergoing  radical  prostatectomy  for  prostate  cancer  revealed  relatively  abundant  Shh 
expression  in  all  three  groups.  There  was  a  trend  toward  higher  Shh  and  Gli-1  expression 
in  the  cancer  specimens  as  a  group,  with  a  subset  of  the  samples  producing  substantially 
more  Shh  than  the  average  (FIGURE  2A).  This  was  echoed  in  a  subsequent  survey  of 
tumors,  in  which  more  than  half  the  tumors  exhibited  expression  levels  equal  to  or  higher 
than  those  of  fetal  brain.  In  more  than  one  third  of  all  cases,  the  amplitude  of  Shh 
expression  was  higher  than  that  in  developing  22  week  fetal  prostate  (FIGURE  4). 

These  studies  show  that  abundant  Shh  expression  is  not  specific  to  clinically  evident 
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prostate  cancer.  However,  the  robust  level  of  signaling  may  nonetheless  be  an  important 
factor  that  enables  prostate  cancer  progression. 

We  compared  expression  in  histologically  confirmed  tumor  and  benign  tissue  from  the 
same  gland  in  men  with  localized  prostate  cancer  to  determine  whether  increased  Shh  and 
Gli-1  expression  is  specific  to  the  area  of  the  tumor.  This  survey  showed  a  wide  variation 
in  the  levels  of  Shh  and  Gli-1  expression  among  tumors,  but  a  surprisingly  strong 
correlation  between  expression  in  the  tumor  and  benign  tissue  from  the  same  patient.  This 
suggests  that  the  level  of  Shh  signaling  is  either  a  characteristic  of  an  individual’s  prostate 
in  general  or  that  non-malignant  tissue  in  prostates  affected  by  malignant  growth 
expresses  levels  of  Shh  similar  to  those  of  the  cancer.  The  very  tight  correlation  between 
Shh  and  Gli-1  expression  and  the  localization  of  Shh  and  Gli-1  expression  to  the 
epithelium  and  stroma,  respectively,  indicates  functional  signaling  by  Shh  from  the  tumor 
cells  to  the  prostatic  stroma.  This  interpretation  is  buttressed  by  a  survey  of  commercially 
available  prostate  cancer  and  benign  prostatic  hyperplasia  cell  lines  which  identified 
some  cell  lines  in  which  the  Hedgehog  ligand  is  expressed  at  high  level,  without 
concomitant  expression  of  Gli-1  in  the  same  cells  (data  not  shown).  Intriguingly,  the 
strong  correlation  of  the  amplitudes  of  Shh  and  Gli-1  appears  independent  of  the 
proportion  of  mesenchymal  cells  in  the  tissue  that  will  likely  vary  from  specimen  to 
specimen.  This  may  indicate  that,  in  addition  to  paracrine  signaling  into  the  adjacent 
stroma,  the  expression  of  mesenchymally  expressed  target  genes  is  perhaps  up-regulated 
on  a  per-cell  basis  by  oncogenic  mutation,  in  contrast  to  the  situation  described  in  a 
recent  survey  of  expression  of  mesenchymally  expressed  Hedgehog  pathway  genes  (Gli- 
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1,  Ptc-1,  Hip-1)  in  other,  non-prostatic  types  of  cancer,  in  which  no  up-regulation  of 
Hedghog  signaling  was  found  (48).  Although  there  is  no  evidence  that  oncogenic 
mutation  of  the  Hedgehog  pathway  genes  Ptc-1  or  Smo  exists  in  prostate  cancer,  it  is 
nonetheless  possible  that  in  some  prostate  cancers  the  pathway  is  up-regulated  by 
inactivation  or  deletion  of  negative  pathway  elements  expressed  in  the  stroma,  as  may  be 
the  case  for  suppressor  of  fiised  [Su(fu)],  a  negative  regulator  of  Hedgehog  signaling  (49)  . 
whose  expression  typically  tracks  that  of  Gli-1  and  Ptc-1 .  Interestingly,  loss  of 
heterozygosity  of  the  fragment  of  chromosome  10  which  harbors  the  Su(fu)  gene  has 
been  observed  in  a  high  percentage  of  prostate  cancers  (50,51),  as  have  structural 
chromosomal  aberrations  of  prostate  cancer  cell  lines  in  which  the  breakpoint  for 
translocation  is  localized  immediately  upstream  of  the  Su(fu)  locus  (52).  It  follows  that 
Su(fu)  deletion  or  translocation  may  provide  an  additional  means  of  inappropriately 
upregulating  Hedgehog  signaling  in  an  organ  which  continues  to  express  a  maintenance 
level  of  Hedgehog  protein. 

Prostate  cancer  is  frequently  a  multifocal  process  —  suggesting  the  operation  of  one  or 
more  factors  that  promote  malignant  transformation  and/or  tumor  progression  diffusely  in 
the  prostate.  These  factors  might  include  genetic,  hormonal,  or  environmental  influences 
and  may  not  only  affect  nascent  tumor  cells  but  also  the  stromal  context  in  which  tumor 
formation  occurs.  Several  studies  have  shown  increased  levels  of  aromatase  and 
aminopeptidase  A  in  stromal  cells  adjacent  to  prostate  carcinoma  and  shown  altered 
expression  of  matrix  metalloproteinases  (MMPs)  and  tissue  inhibitors  of 
metalloproteinases  (TIMPs)  (3).  More  recently,  changes  in  stromal  cell  phenotype  have 
been  shown  to  occur  specifically  in  areas  adjacent  to  proliferative  intraepithelial 
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neoplasia  (PIN)  and  carcinoma  (53).  The  stromal  cells  associated  with  human  prostate 
cancer,  called  either  reactive  stromal  cells  (3)  or  carcinoma-associated  fibroblasts  (CAP; 
12)  possess  the  ability  to  promote  tumor  growth  in  vivo  (reviewed  in  54  and  55).  The 
mechanisms  by  which  stromal  cells  influence  tumor  growth  are  not  well  defined  but  are 
postulated  to  include  angiogenic  factors,  growth  factors  and  MMPs.  The  changes  that 
occur  in  the  stroma  associated  with  tumor  cells  are  also  not  well  defined.  They  are 
thought  to  be  induced  changes,  but  the  mechanism  for  stromal  “activation”  is  unknown 
(55).  Our  finding  of  abundant  Shh  signaling  activity  in  adult  prostate  tissue  and  in  tumors 
suggests  that  Shh  signaling  may  be  one  mechanism  by  which  tumor  cells  recruit  stromal 
cells  to  support  tumor  growth. 

The  effects  of  Hedgehog  signaling  on  prostatic  stroma 

To  examine  the  possibility  that  Shh  expression  by  tumor  cells  modulates  their  stromal 
effect  on  tumor  growth,  we  engineered  Shh  overexpression  in  the  LNCaP  xenograft 
tumor.  Overexpression  of  Shh  in  this  cell  line  is  not  associated  with  any  changes  in 
Hedgehog  target  gene  expression  or  cell  growth  in  monolayer  culture  that  would  indicate 
an  autocrine  effect.  Nonetheless,  it  significantly  accelerates  tumor  growth,  primarily  due 
to  an  increase  in  tumor  cells.  Although  we  can  not  rale  out  an  increase  in  stromal  cell 
proliferation,  the  apparently  unaltered  histologic  appearance  of  the  tumor  as  an  epithelial- 
rich  xenograft  juxtaposed  with  the  dramatic  increase  in  growth  rate  argues  for  an  effect 
predominantly  on  the  growth  rate  of  the  epithelial  compartment  of  the  tumor. 
Examination  of  human  Ptc-1,  Gli-1  and  Gli-2  expression  confirmed  that  there  is  no 
autocrine  Shh  signaling  activity  in  the  xenografts  tumor  cells.  In  contrast,  Shh 
overexpression  upregulates  host  cell  GU-1  expression.  It  follows  that  the  effect  of  Shh 
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overexpression  on  tumor  cell  proliferation  is  mediated  by  Gli-based  activation  of  stromal 
genes,  and  as  a  corollary,  paracrine  mechanisms  which  support  and  contribute  to  tumor 
growth.  Our  observations  of  analogous  Shh-Gli  signaling  from  the  epithelium  to  the 
mesenchyme  in  human  prostate  cancer  strengthens  the  argument  that  Shh  is  also  a  critical 
link  in  eliciting  support  and  growth  inducing  signals  from  the  tumor  stroma  (FIGURE 
12). 

Gli-1  activation  has  been  identified  as  a  major  regulator  of  cell  growth.  Activating 
mutations  or  overexpression  can  produce  cell  transformation  (56)  and  Gli-1  over  activity 
has  been  firmly  implicated  in  the  etiology  of  human  basal  cell  carcinoma  (57).  Yoon  et 
al.  (28)  have  identified  approximately  30  targets  of  Gli-1,  including  Cyclin  D2, 
Osteopontin,  IGF  binding  protein  6,  MAP  kinase  6c,  and  plakoglobin.  Hepatocyte 
nuclear  factor-3beta  (HNF-3beta)  is  another  well  established  target  of  Glil  regulation 
(58).  Several  members  of  this  battery  of  G/i-i-responsive  genes  are  expressed  in  the  fetal 
prostatic  mesenchyme  (unpublished  observations),  suggesting  that  Hedgehog  signaling 
may  also  be  critical  for  the  induction  of  growth  related  genes  such  as  HNF-3beta,  MAP 
kinase  6c,  Osteopontin,  IGFBP6,  and  Cyclin  D2  in  adult  stromal  cells.  Interestingly,  in 
co-cultures  of  LNCaP'^**^”^  cells  with  normal  fibroblasts  and  in  normal  host  fibroblasts  in 
xenograft  tumors  Gli-1  transcripts  reach  a  plateau  of  high-level  expression,  while  the  Gli- 
1  level  in  diseased  human  prostate  tissue  is  strictly  proportional  to  the  level  of  Shh, 
indicating  that  fundamental  changes  to  the  stromal  cells’  ability  to  negatively  regulate  the 
amplitude  of  Hedgehog  signaling  have  occurred. 
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Another  mechanism  by  which  Hedgehog  may  recruit  stromal  cell  types  for  tumor  support 
is  by  induction  of  angiogenesis.  Hedgehog  signaling  has  recently  been  shown  to  play  a 
critical  role  in  the  formation  of  blood  vessels  in  two  ways.  First,  Shh  protein  induces 
stromal  upregulation  of  angiogenic  factors  such  as  angiopoietin  1  and  2,  VEGF  and  basic 
FGF  (59),  allowing  for  neovasculatization  of  ischemic  tissue.  Second,  it  was  shown  to 
directly  induce  microvessel  formation  by  endothelial  cells  (60).  Conceivably,  Hedgehog 
is  a  similarly  important  contributor  to  vascularization  in  the  human  prostate  and  as  a 
consequence,  may  influence  not  only  the  growth  of  primary  prostate  cancer,  but  also  it’s 
formation  of  metastases. 

Many  tumors  display  characteristic  patterns  of  invasion,  spread,  and  metastasis.  This  is 
taken  to  signify  that  tumor  cells  grow  best  in  particular  stromal  environments  that 
provide  a  “fertile  soil”.  Prostate  cancer,  for  instance,  displays  a  striking  predilection  for 
bony  metastasis.  As  cross-signaling  between  the  stroma  and  epithelium  regulates  normal 
prostate  development,  it  is  becoming  evident  that  stromal-epithelial  cross-talk  plays  a 
similar  role  in  tumor  progression.  This  stromal-epithelial  dialogue  likely  incorporates  a 
number  of  different  activities  (e.g.  angiogenesis)  that  utilize  normal  physiologic 
signaling  mechanisms  that  can  be  targeted  for  pharmacologic  modulation.  We  propose 
that  one  such  pathway  uniquely  important  in  the  epithelial-stromal  communication  of 
prostate  cancer  is  the  Shh  signaling  pathway.  Strategies  that  target  critical  elements  of 
the  stromal  response,  such  as  inhibition  of  angiogenesis,  provide  exiting  novel 
therapeutic  means  of  arresting  or  slowing  tumor  growth.  Similarly,  strategies  to 
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interfere  with  tumor  cell  recruitment  of  stromal  cell  support  for  tumor  growth  may 
provide  a  complementary  pathway  of  therapeutic  intervention. 

Hedgehog  signaling  in  cancer 

Recent  molecular  and  genetic  studies  have  demonstrated  that  ectopic  activation  of  Sonic 
Hedgehog  signaling  is  a  key  event  in  the  generation  of  sporadic  (61,62)  and  hereditary 
basal  cell  carcinoma  (63,36)  as  well  as  medulloblastoma  (64,65).  Likewise,  mice 
heterozygous  for  Ptc-1  develop  medulloblastomas  (66)  and,  under  some  experimental 
conditions,  skin  lesions  resembling  basal  cell  carcinoma  (67).  In  these  cancers,  activation 
of  the  Hedgehog  pathway  is  believed  to  induce  proliferation  in  epithelial  tumor  cells  via 
activation  of  cyclins  and  cyclin-dependent  kinases  (68)  in  an  autocrine  loop. 

Accordingly,  Hedgehog  antagonists  are  effective  inhibitors  of  tumor  growth  in  models  of 
medulloblastoma  (69)  and  basal  cell  carcinoma  (37).  Recently,  ligand-dependent 
Hedgehog  signaling  has  been  described  in  a  subset  of  small-cell  lung  carcinomas  (SCLC) 
and  SCLC  cell  lines  tested  (70).  Tumor  growth  is  significantly  inhibited  by  treatment 
with  the  natural  product  Hedgehog  antagonist  cyclopamine  in  a  xenograft  model  derived 
from  one  of  these  cell  lines  which  is  expressing  Shh  and  Gli-1  concomitantly.  In  contrast 
to  the  above-mentioned  scenarios,  we  postulate,  based  on  the  expression  patterns  of  -Shh 
and  downstream  target  genes  in  human  prostate  cancer,  and  on  our  observations  with 
Shh-overexpressing  xenograft  models,  an  additional,  paracrine  signaling  model  for 
Hedgehog  contribution  to  the  growth  of  human  tumors.  Our  observations  are  in  good 
accord  with  previously  published  work  establishing  that  overexpression  of  Shh  protein 
alone,  even  in  the  absence  of  oncogenic  mutation  of  Ptc  or  Smo,  can  induce  neoplastic 
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transformation  of  epithelial  cells  and  as  a  consequence,  basal  cell  carcinoma-like  lesions 
in  mouse  skin  (71). 

In  summary,  Hedgehog  signaling  appears  to  play  a  role  in  tumorogenesis  and  growth  of  a 
number  of  cancers  and  by  a  growing  number  of  mechanisms.  It  remains  to  be  seen 
whether  small  molecule  and  natural  product  inhibitors  of  Hedgehog  signaling  (37,72)  or  a 
Hedgehog  blocking  antibody  can  inhibit  growth  of  prostate  cancer  xenografts,  in  which 
case  a  Hedgehog  antagonist  may  be  a  valuable  therapeutic  for  the  treatment  of  prostate 
cancer  in  humans. 
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FIGURE  LEGENDS 
FIGURE  1 

RT-PCR  assay  of  Shh  and  Gli-1  noRNA  in  prostate  tissue  from  a  30  year  old  male  and 
transurethral  surgical  specimens  from  8  patients  with  prostate  cancer  was  performed 
using  the  ribosomal  subunit  RPL-19  as  an  internal  standard.  Specimens  Ca5  and  Ca6  are 
from  men  treated  preoperatively  with  androgen  ablation. 

FIGURE  2 

(A)  Natural  logarithms  of  Shh,  Gli-1,  Gli-2  and  Gli-3  gene  expression  data  from  RT-PCR 
analysis  for  each  of  the  five  groups  (N,  normal  prostate;  BPFl,  benign  prostatic 
hyperplasia;  PC,  prostate  cancer;  T,  tumor  and  B,  benign).  The  mean  value  of  each  group 
is  indicated  (+).  The  two  groups  of  specimens  (N,  BPH,  PC)  and  (T,  B)  are  analyzed 
separately  because  they  were  obtained  from  different  sources  and  analyzed  in  different 
RT-PCR  reactions.  P-values  are  reported  for  analysis  of  both  experiments  combined  but 
no  comparisons  are  made  across  the  two  groups.  ANOVA:  Pair-wise  comparisons 
revealed  no  significant  differences  in  gene  expression  within  groups  for  Shh  (P=0.222), 
Gli-1  (P=0.161)  or  Gli-3  (P=0.153).  For  Gli-2  there  were  significant  differences,  with  N 
different  from  both  PC  (P=0.0279)  and  BPH  (P=0.0068).  (B)  ANCOVA:  Plots  of 
log(Shh)  vs  log(Gli-l),  log(Gli-2),  and  log(Gli-3)  to  examine  the  relationship  of  Shh 
expression  to  the  expression  of  Gli-1,  Gli-2  and  Gli-3  Least-squares  regression  lines  with 
group-specific  slope  and  intercept  are  shown.  These  lines  correspond  to  the  analysis  of 
covariance.  The  three  plots  suggest  a  linear  relationship  between  Shh  and  each  of  the  Gli 
genes.  For  \og{Gli-l)  the  overall  slope  for  \og(Shh)  is  highly  significant  (P=0.0001).  The 
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slopes  do  not  differ  across  groups  (P=0.3015),  but  the  group-specific  intercepts  do  differ 
(P=0.0357).  Therefore,  log(G/i-i)  may  be  described  by  log(Shh)  via  a  set  of  parallel 
straight-lines  with  different  intercepts  for  each  group.  Similarly,  the  slopes  for  the 
different  groups  are  not  significantly  different  for  Gli-2  and  Gli-3  (P=0.0853  and 
P=0.1260,  respectively)  but  both  log(G//-2)  and  log(G//-3)  may  be  described  by  {Shh)  as 
straight  line  predictor  (P<0.0002)  with  varying  intercepts  (P<0.001). 

FIGURE  3 

Radioactive  in  situ  hybridization  analysis  for  Shh  (A)  and  Gli-1  (B)  in  tissue  sections 
from  human  prostate  cancer  specimen.  Shh  and  Gli-1  expression  (red  and  pink  labeling) 
localized  to  the  tumor  epithelium  and  periductal  stroma,  respectively.  Expression  of  the 
indicated  genes  was  investigated  in  paraffin  sections  of  primary  tumors.  Bright-field  and 
corresponding  dark-field  images  were  superimposed  and  radioactive  signals  highlighted 
with  artificial  colon 

FIGURE  4 

Quantitative  RT-PCR  comparison  of  Shh  expression  (A)  and  Gli-1  expression  (B)  in 
matched  tumor  (hatched)  and  benign  (grey)  specimens  from  patients  with  prostate  cancer. 
Note  the  generally  abundant  level  of  Shh  and  Gli-1  expression  in  the  prostate  specimens 
as  compared  to  the  human  fetal  brain  control,  the  very  high  levels  of  Hedgehog  signaling 
in  matched  sets  465  through  490,  and  the  tight  correlation  between  relative  levels  of  Shh 
and  Gli-1  expression  in  individual  specimens. 
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FIGURE  5 


Log-relative  growth  in  culture  for  four  LNCaP  cell  lines,  with  Gompertz  fit  (dotted  line). 
Shh  overexpression  is  not  associated  with  any  change  in  growth  rate  in  culture. 

FIGURE  6 

Shh  overexpression  is  not  associated  with  autocrine  stimulation  of  Ptc-1,  Gli-1  or  Gli-2 
expression  in  the  LNCaP  cells.  (A)  Shh  expression  in  the  LNCaP  parent  cell  line  by 
quantitative  RT-PCR  is  low  relative  to  the  embryonic  brain  control  (which  equals  1  and  is 
too  low  to  be  visible  in  this  graph).  Shh  expression  in  LNCaP^**^  and  LNCaP^**^  cell 
lines  is  approximately  three  orders  of  magnitude  greater  than  embryonic  brain.  Gli-1 
expression  is  undetectable  both  in  the  parent  and  overexpresser  cell  lines  (data  not 
shown).  (B,  C)  Neither  expression  of  human  Ptc-1  nor  Gli-2  is  increased  by  Shh 
overexpression. 

FIGURE  7 

An  S12  fibroblast  G//-/-luciferase  reporter  assay  confirms  production,  processing  and 
secretion  of  functional  Hedgehog  ligand  by  LNCaP  cells  overexpressing  Shh. 

Comparison  of  the  LNCaP  parent  cell  line  with  the  LNCaP^**^and  LNCaP^**®  cell 
lines  demonstrates  robust  hedgehog  signaling  activity  by  the  overexpressing  cell  lines, 
comparable  to  that  seen  with  other  cell  lines  known  to  exert  robust  Shh  signaling  activity 
(unpublished  observations). 
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FIGURE  8 


Histology  of  xenograft  tumors  made  with  the  LNCaP  parent  cell  line  (A,  C)  and  the 
LNCaP'^**®  overexpresser  (B,D).  Low  power  views  show  comparable  stromal  and 
epithelial  composition  in  the  control  (A)  and  overexpresser  (B)  xenografts.  High  power 
views  show  similarity  in  tumor  cell  differentiation  and  density.  Mitotic  figures  (arrow) 
are  evident  in  both  the  control  (C)  and  overexpresser  (D)  xenografts.  Samples  were 
paraformaldehyde-fixed,  paraffin-sectioned  and  processed  for  standard  eosin  & 
hematoxylin  histology.  The  size  marker  denotes  100|xM. 

FIGURE  9 

Quantitatiye  RT-PCR  analysis  of  Hedgehog  pathway  genes  in  xenograft  tumors.  (A)  Shh 
is  overexpressed  in  LNCaP^**^  overexpresser  xenograft  tumors  as  compared  to  the 
tumors  generated  with  the  parent  cell  line.  The  level  of  expression  in  the  parent  LNCaP 
cell  line  is  three  orders  of  magnitude  less  and  too  low  to  be  seen  in  this  graph.  (B)  An 
assay  for  mouse  Ptc-1  expression  using  mouse-specific  primers  shows  significantly 
increased  Ptc-1  expression  in  overexpresser  xenograft  tumors,  as  do  assays  for  mouse 
Gli-1  (C)  and  Gli-2  (D).  Of  note,  approximately  equivalent  high  level  mouse  Ptc-1,  Gli-1 
and  Gli-2  expression  was  observed  in  xenograft  tumors  made  with  the  LNCaP^**^  and 
LNCaP'^**^^  cell  lines  (not  shown),  indicating  that  in  the  presence  of  high  levels  of  Shh 
expression,  stromal  gene  activation  reaches  a  plateau  which  is  independent  of  the 
absolute  concentration  of  Shh  protein  produced  by  the  epithelium. 
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FIGURE  10 


Localization  of  mouse  Ptc-1  and  Gli-1  expression  in  the  xenograft  tumor.  No  detectable 
Shh  signal  is  seen  in  the  LNCaP  parent  cell  line  xenograft  tumor.  In  the  LNCaP^***^ 
xenograft  strong  epithelial  Shh  expression  is  mirrored  by  mouse  Ptc-1  and  Gli-1 
expression  in  the  tumor  stroma.  Expression  of  the  indicated  genes  was  investigated  in 
paraffin  sections.  Due  to  extremely  high  expression  levels,  only  brightfield  images  were 
captured  for  Shh  and  actin,  in  which  the  radioactive  signal  is  visible  as  black  silver 
grains.  For  Ptc-1  and  Gli-1,  bright-field  and  corresponding  dark-field  images  were 
superimposed  and  radioactive  signals  filled  in  with  artificial  color  (red  and  pink). 

FIGURE  11 

Shh  overexpression  increases  xenograft  tumor  growth.  The  LNCaP,  LNCaP*^^^, 
LNCaP^**^,  and  LNCaP^**^^  xenograft  tumors  were  grown  for  8  weeks  and  tumor  size 
serially  determined  after  the  appearance  of  visible  tumors.  The  incidence  of  tumors 
generated  with  the  various  cell  lines  was  comparable;  in  the  few  cases  where  a  tumor  did 
not  form  it  was  not  coxmted  in  the  analysis.  (A)  Average  tumor  size  by  line.  The  rates  of 
tumor  growth  were  determined  by  averaging  the  tumor  size  for  mice  in  each  cell  line  at 
each  time  point.  Vertical  bars  are  ±SEM.  Points  and  lines  are  offset  horizontally  to 
prevent  overlap.  (B)  Average  slope  for  each  of  the  individual  tumor  growth  curves  over 
the  3-8  week  period.  The  mean  slopes  (+)  for  each  tirnior  group  are  significantly 
different:  LNCaP  versus  LNCaP^^^  (P=  0.0047),  LNCaP^**^  (P=0.0084)  and 
LNCaP^**®  (P=0.0001);  LNCaP‘^^^  versus  LNCaP^*'"^  (P=0.0001)  and  LNCaP^**® 
(P=0.0001);  and  LNCaP^**^  versus  LNCaP^''*^”^  (P=0.002). 
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FIGURE  12 


Schematic  model  for  the  action  of  Shh  in  prostate  tumor  growth.  Shh  expressed  by  tumor 
cells  acts  upon  nearby  stromal  cells  to  induce  the  expression  G//-i  and  activate  the 
expression  of  target  genes  which  may  positively  regulate  tumor  cell  proliferation  either 
through  effects  on  the  tumor  cells  in  a  paracrine  signaling  loop,  or  through  indirect 
effects  such  as  stimulation  of  angiogenesis. 
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